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Abstract—In this work, the digital matched filtering (DMF), 
a signal processing technique, has been proposed to identify the 
multiple peak wavelengths, more accurately from reflection 
spectra of etched few-mode fibre Bragg grating (FM-FBG) 
sensor. The etched FM-FBG has been fabricated and its intrinsic 
property of having different sensitivities for different reflection 
peaks in spectrum has been used for sensing the multiple 
parameters, such as temperature and refractive index of the 
ambient environment. The experimental characterization of the 
fabricated etched FM-FBG sensor has been carried out by using 
six samples of standard sodium chloride (NaCl(aq)) solutions with 
refractive indices (RIs) ranging from 1.3159 to 1.3375 at 24 °C 
temperature. The reflection spectra have been acquired for each 
sample by varying the temperature from 24 °C to 80 °C. The 
temperature and RI sensitivities have been investigated from the 
acquired spectra by using digital matched filter (DMF). The 
obtained sensor results have been compared with conventional 
peak detection (CPD) method results for the same spectra. It has 
been observed that the results obtained by DMF technique are 
closer to the reference sensor values and has shown more 
accuracy than the results obtained by CPD technique.  It has 
been shown that the DMF has better performance in terms of 
the accuracy of measured results than that of CPD. In addition, 
to eliminate the effect of cross sensitivity issue of the sensor, the 
3×3 order characteristic matrix has been used. Hence, the etched 
FM-FBG can be used as multi-parameter measurements with 
better performance using DMF technique. 
 
Index Terms—Fibre Bragg gratings (FBGs), optical fibre 
sensors, Digital matched filtering signal processing technique.  
 
I. INTRODUCTION 
IBRE Bragg grating (FBG) based sensors have been 
playing a vital role in sensing technology due to their 
compact size, multiplexing capability, high sensitivity, and 
suitability for remote sensing [1], [2]. Single-mode fibre 
(SMF) has been commonly used in the study of FBG sensors 
due to its compatibility with the existing technologies such as 
optical communication. However, due to its single peak 
wavelength in reflection spectrum, one can only measure 
single physical parameter at a time. So far, many researchers 
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have worked on single mode FBG for various applications by 
enhancing its performance in terms of sensitivity, accuracy 
and stability. In addition to many single parameter sensing 
with single mode FBG, the simultaneous measurements by 
single probe sensor utilising the hybrid structure of FBG and 
different interferometers or long period grating (LPG), have 
also been reported [3-5]. But, these hybrid sensors for multi-
parameter sensing have some structural and fabrication 
complexities. On the other hand, recently, with the 
introduction of space division multiplexing (SDM) 
technology, the few mode fiber (FMF) has become the strong 
candidate for future communication technologies due to its 
capability to accommodate larger number of spatial modes 
(2-mode, 4-mode fibers and etc.). Therefore, the FBG 
fabrication in FMF has been introduced which gives the 
multiple peak wavelengths in the reflection spectrum 
corresponding to their mode numbers. These peaks at 
different wavelengths correspond to the self- or cross-
coupling of the guided modes in the FMF. Perturbation in the 
period of the few-mode FBG (FM-FBG) or the effective 
refractive index (ERID) of the guided modes will lead to the 
shift in the resonant wavelength. Calibration can be made to 
determine the relationships between the wavelength shift and 
the changes in the corresponding measurands. Several 
theoretical and experimental studies have been performed on 
the applications and the characteristics of FM-FBG [6-11]. 
Moreover, it has been reported that each mode in few-mode 
fibre Bragg grating (FM-FBG) shows different sensitivity 
towards the physical parameter and therefore it can be used 
as multi-parameter sensor  [12-15]. Nevertheless, the 
development of a multi-parameter sensor based on only a 
single sensing element like FM-FBG, is hindered by a major 
limitation which is cross-sensitivity problem inherited from 
the sensor property [16-17]. Fortunately, this can be resolved 
by using 3x3 order characteristic matrix for discriminative 
measurement reported by Yang et al.  [15]. Yang et al. 
demonstrated a cladless FM-FBG based sensor for 
simultaneous temperature and RI measurement in which with 
the assistance of 3×3 characteristic matrix, discrimination 
measurements of temperature and RI has been demonstrated. 
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Chemical etching technique was used for reducing the fibre 
diameter or removal of the fibre cladding which enhanced the 
evanescent fields of the core modes and sensitive to change 
in the ambient medium. In the context of grating imprinted in 
an etched FMF, the changes in the surrounding refractive 
index (SRI) influence the effective refractive index (ERI) of 
various modes propagating across the grating and 
consequently, influencing the corresponding resonant 
wavelengths of the grating. Due to the extended mode fields 
of HOMs, the associated resonant wavelengths are generally 
more sensitive to the change in SRI. The higher is the mode 
order, the greater is the sensitivity. While the use of HOM can 
enhance the detection sensitivity of FBG sensor towards RI 
change, improvement in the capability to detect small 
resonant wavelength shift can increase the measurement 
accuracy [13]. In addition, several schemes have been 
reported for detecting the wavelength shift in FBG sensors by 
using either a broadband source or various spectral analysis 
techniques such as edge filters, scanning Fabry-Perot filters, 
acousto-optic tuneable filters, Mach-Zehnder 
interferometers, or a tuneable laser source with a broadband 
detector and Nevertheless, for each of the schemes, the 
wavelength detection accuracy is limited by various types of 
noise. Sensing systems employing broadband sources 
generally have low signal-to-noise ratio (SNR) due to the low 
output signal power. On the other hand, systems employing 
laser sources have higher SNR but residual reflections in the 
systems often lead to undesired interferometric signals that 
would limit the accuracy of wavelength measurement.  
Numerous signal processing techniques for enhancing the 
detection accuracy have been reported to enhance the SNR 
and also measurement accuracy [18-20]. One of the common 
techniques, is to use a tuneable filter to scan through the 
reflected spectrum of the grating and then measure the filtered 
wavelength corresponding to the maximum of the system’s 
output. This is known as conventional peak detection (CPD) 
technique and it can be easily applied to interrogate a number 
of FBG sensors based on WDM principle [19-20]. However, 
the accuracy of the CPD technique is limited when the level 
of the reflected signal is low. Meanwhile, techniques based 
on signal processing methods such as minimum variance shift 
(MVS) [21] and spectrum correlation (SC) [22], have also 
been proposed. 
Multi-wavelength detection gives an extra advantage for 
detection sensitivity, because each of the resonant peaks has 
their own sensitivity. Therefore, the detection of each peak is 
significant because the signal-to-noise ratio (SNR) of higher 
order modes is at lower level than fundamental mode. 
However, sometimes the FBG spectrum presents undesirable 
side lobes on the fundamental peak due to Fabry-Perot 
resonances at the boundaries of the FBG that can interferes 
the neighbouring peaks. The suppression of the side lobes in 
the reflection spectrum can enhance the detection and 
measurement accuracy of the FM-FBG sensor. Therefore, a 
digital matched filtering (DMF) technique has been proposed 
to reduce the effect of side lobes in the spectrum of etched 
FM-FBG which consequently, leads to a better accuracy in 
sensing measurement [23].  
In this paper, we demonstrate that digital matched filtering 
(DMF) technique can enhance the detection accuracy of 
resonant wavelength shift in an etched FM-FBG. In section 
2, the theoretical background of both the CPD and DMF 
techniques, will be presented. In section 3, the experimental 
setup and methodology for acquiring the measurement results 
will be demonstrated. Whereas, in section 4, the acquired 
results and the accuracy of the proposed DMF technique are 
discussed.  It can be seen in the results that DMF technique 
has enhanced the performance of the multi-parameter sensor 
and hence can be used in many applications of FM-FBG 
based sensors. Finally, the conclusion is drawn in section 5.  
 
II. THEORETICAL BACKGROUND OF CPD AND DMF 
TECHNIQUES 
In the CPD technique, peak wavelength is determined by 
taking the wavelength corresponding to the local maximum 
value of the spectrum. However, when the SNR is low, high 
frequency component in the signal may lead to inaccuracy in 
the determination of peak wavelength. In contrast, the DMF 
technique determines the peak wavelength by matching the 
peaks in a signal with a Gaussian peak. The frequency 
response of the DMF is matched to the signal frequency and 
the noise in the signal will be filtered since it is not matched 
with the signal frequency. This allows the DMF technique to 
provide measurement of wavelength shift with better 
accuracy in the case of low SNR. 
A filter that matched to a physical waveform, s(t) is one 
with impulse response [23, 24]: 
ℎ(𝜏) =  k 𝑠(Δ −  𝜏)                           (1) 
where k and Δ are arbitrary constant. The Fourier transform 
of the impulse response which is the transfer function for 
DMF will have the following form: 












 𝑑𝜏′     (2) 
where 𝜏′ =  𝛥 –  𝜏 , 𝜔 = 2𝜋𝑓 in radians with 𝑓 as the 
operating frequency in Hz. Meanwhile, the Fourier transform 
of s(t) is: 
𝑆(𝑗𝜔) =  ∫ 𝑠(𝑡) 𝑒−𝑗𝜔𝜏
∞
−∞
 𝑑𝑡.                    (3) 
Comparing (2) and (3) gives: 
𝐻(𝑗𝜔) = k 𝑆(−𝑗𝜔) 𝑒−𝑗𝜔∆ 
  = k 𝑆∗(𝑗𝜔) 𝑒−𝑗𝜔∆                     (4) 
where S* is the complex conjugate of S. Therefore, the 
transfer function for DMF is equivalent to the complex 
conjugate of the Fourier transform of s(t) except  k𝑒−𝑗𝜔∆ with 
possible amplitude and delay factor. 
III. EXPERIMENTAL SETUP AND METHODOLOGY 
FM-FBG being used in this work was fabricated by 
inscribing uniform FBG in the core of four-mode step index 
fibre (4MF; OFS, Denmark) using the phase mask technique. 
The 4MF has core diameter of 19.5 um while the RIs of the 
core and cladding are 1.444 and 1.449 respectively. Prior to 
the FBG inscription, the 4MF was kept in a high pressure 
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(2000 psi) hydrogen tank for 1 week to enhance the 
photosensitivity of the fibre. Krypton fluoride (KrF) excimer 
laser with peak wavelength of 248 nm and phase mask with a 
period of 1068.80 nm was used. The FBG inscribed in the 
4MF core has a length of 2 cm. After the inscription process, 
the FM-FBG was annealed in oven at 70 °C for 8 hours to 
out-diffuse the residual hydrogen in the fibre. 
After the fabrication of an FM-FBG, the cladding was 
chemically etched by Buffered Oxide Etchant (BOE) solution 
with HF:NH4OH composition of 1:6. The etchant was 
covered with a layer of silicon oil to prevent the evaporation 
of the solution. The FM-FBG was connected to an erbium-
doped fibre amplifier (EDFA) and the reflection spectrum of 
the FM-FBG was continuously monitored by an optical 
spectrum analyser (OSA, ANDO AQ-6331) during the 
etching process. The OSA was controlled by LabVIEW 
program in a computer via GPIB interface to save the 
measured spectrum into the computer at an interval of 2 
minutes. The etching process was stopped when the Bragg 
wavelength in the reflection spectrum shifted about 3 nm 
from its initial value. Next, the FM-FBG was removed from 
the etchant and rinsed with distilled water to remove the 
residual etchant on the surface of the etched FM-FBG. After 
that, the final diameter of the FM-FBG was measured by an 
optical microscope as shown in figure 1. Following that, the 
mode corresponding to each resonant wavelength was 
estimated theoretically and it will be discussed in detail in 
section 4. The response of the resonant wavelengths towards 
the change in RI and temperature was examined by dipping 
the FM-FBG into sodium chloride (NaCl(aq)) solutions with 
different concentrations and temperatures. The complete 
experimental setup used for sensor data acquisition has been 
shown in figure 2. Six samples of standard NaCl(aq) solutions 
were prepared with refractive indices (RIs) ranging from 
1.3159 to 1.3375 at 24 °C temperature. For characterization 
of the sensor, the range of temperature was considered as 24 
°C – 80 °C respectively. A hot plate with temperature 
resolution of 0.1 °C was used to heat the solution at different 
temperatures. The aforementioned reference RIs of the 
solutions were measured by a prism coupler at the wavelength 
of 1550 nm to evaluate the accuracy of the RI values 
determined by the etched FM-FBG sensor. Meanwhile, the 
reference temperature was measured through thermocouple 
positioned near to the sensor in the solution during the 
measurement. Before dipping the sensor into the solution, a 
reference reflection spectrum corresponding to the RI of air 
and room temperature was recorded.  
 
   
Fig. 1. Micrographs of the few mode fibre: (a) before 
etching (b) after etching. 
 
 
Fig. 2. Experimental setup used for sensor data 
acquisition. EDFA:  Erbium doped fibre amplifier, OSA: 
Optical spectrum 
  
When the etched FM-FBG was dipped in the NaCl(aq) 
solution with a specific RI at room temperatures, the 
reflection spectrum was recorded by the OSA and saved in 
the computer. The temperature of the solution was then 
gradually increased by the hot plate. At different 
temperatures, the reflection spectrum was saved. Before the 
spectrum was saved, the hot plate was maintained at the same 
temperature for 10 minutes to ensure the homogeneous 
distribution of the temperature in the solution. The procedure 
was repeated for NaCl(aq) solution with different RIs. Then, 
the saved raw spectra were processed by CPD technique to 
determine the shift of the resonant wavelengths 
corresponding to self- or cross-coupling of the transverse 
modes. From the wavelength shift, the sensitivity of each 
resonant wavelength towards RI and temperature change was 
calculated.  
After that, the same set of raw spectra was processed by the 
DMF technique and determination of the resonant 
wavelengths’ sensitivity towards RI and temperature change 
was repeated. The results obtained by the CPD and DMF 
technique were then compared with the reference values to 
verify the measurement accuracy of each technique. 
 
IV. RESULTS AND DISCUSSION 
The reflection spectra of the FM-FBG before and after the 
etching process is shown in figure 3. It is evident from the 
spectra of figure 3 that the number of resonant wavelength 
increased from five to six after the etching process. 
The mode coupling corresponding to each resonant 
wavelength can be estimated by determining the intersection 
between the function f(λ) and g(λ), where: 
𝑔(𝜆) =  𝜆 (5) 
𝑓(𝜆) = { 
2𝑛𝑒𝑓𝑓,𝜇  Λ
(𝑛𝑒𝑓𝑓,𝜇 +  𝑛𝑒𝑓𝑓,𝑣) Λ
;            self−coupling
   ;           cross−coupling
  
(6) 
where neff,μ/v is the effective refractive index of transverse 
mode LPμ/v, 𝜇, 𝜈 ∈ {01, 11, 02}, 𝜇 ≠  𝜈, and Λ is the grating 
period. Based on the intersections, λ1, λ2, λ3, λ4, λ5, and λ6 
correspond to mode couplings of 𝐿𝑃01
+  ↔ 𝐿𝑃01
− , 𝐿𝑃01
+  ↔ 𝐿𝑃11
− , 
𝐿𝑃11
+  ↔ 𝐿𝑃11
− , 𝐿𝑃01
+  ↔ 𝐿𝑃21
− , 𝐿𝑃11
+  ↔ 𝐿𝑃02
− , and 𝐿𝑃21
+  ↔ 𝐿𝑃21
−  
respectively. 
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Fig. 3. Reflection spectra of the FM-FBG acquired before 
and after the etching process. 
 
When the etched FM-FBG was dipped in NaCl solution 
with different temperature or RI, red-shift was observed in the 
resonant wavelengths of the reflection spectrum. This is 
shown in Figure 4. In Figure 4(b), the shift in the resonant 
wavelengths is very small when the SRI increased from 
1.3159 to 1.3375. The inset in Figure 4(b) shows the small 
shift when the SRI is changed. It is observed that the higher-
order modes (λ2, λ3, λ4, λ5, and λ6) are more sensitive towards 
the RI and temperature changes as compared to fundamental 
mode (λ1) based on the observation on the wavelength shift. 
The spectra were processed by both CPD and DMF 
techniques to compare the difference in the values of 
wavelength shift determined by the different techniques. 
 
 
Fig. 4. Reflection spectra of the etched FM-FBG sensor at 
different (a) temperature (RI of NaCl solution was fixed at 
1.3159) and (b) RI (temperature was fixed at 24 °C). 
 
 
Fig. 5. Relationship between the refractive index change 
and the wavelength shift at room temperature (24°C) for 
different peaks in the etched FM-FBG spectra by using: 
(a) CPD and (b) DMF.  
 
The results processed by CPD technique will first be 
discussed. Figure 5(a) shows the typical relationship 
between the wavelength shift and the refractive index 
change for the six peaks, as determined by CPD 
technique when the temperature is fixed at 24 °C. On the 
other hand, the relationship between wavelength shift 
and the temperature change when the RI is varied from 
1.3159 to 1.3375 has been determined for peak λ1 and λ6. 
This is shown in Figure 6. Based on the results in Figure 
6, the variation of temperature sensitivities with the 
refractive index change is determined for peak λ1 and λ6 
and shown in Figure 7. The standard deviation of the 
temperature sensitivity at different RI change is 0.0001 
for the case of λ1 when the spectra were processed by 
CPD technique. It is reduced by almost half to 0.00005 
when DMF technique was used. On the other hand, the 
standard deviation is 0.001 for the case of λ6 when the 
spectra were processed by CPD technique. When DMF 
technique was used, the standard deviation reduced to 
0.0004.  
Since the FM-FBG will react to both temperature and 
RI, the relationship between the wavelength shift and the 
temperature and RI change can be determined by solving 
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where ∆𝑛 and ∆𝑇 are the change in RI and temperature 
respectively, 𝐾𝑛1 and 𝐾𝑇1 are the calibrated sensitivities of RI 
and temperature respectively while ∆𝜆 is the corresponding 
wavelength shift. The calibrated sensitivities of RI can be 
determined from the slope of the linear plot in Figure 5 while 
that for temperature can be determined from the y-intercept 
of the linear plot in figure 7. 
The absolute temperature and RI can be obtained by the 
following equations: 
 𝑛 = 𝑛0 + ∆𝑛 (8) 
 𝑇(°𝐶) = 𝑇0 + ∆𝑇 (9) 
where 𝑇0= 24°C and 𝑛0= 1.3159.  The values of temperature 
and RI of the NaCl solutions are obtained by determining the 
wavelength shift in peak λ1 and λ6 using the above 
methodology. After that, they are compared with the 
reference RI and temperature measured by prism coupler and 
thermocouple respectively. This is shown in figure 8(a). The 
above procedures are repeated by processing the reflection 
spectra using the DMF technique. 
It can be observed that the temperature and RI values 
determined by the wavelength shift obtained using CPD 
technique do not match well with the reference values as 
compared to that obtained by the DMF technique. This is 
because the small shift in the resonant wavelength can be 
detected when by the DMF technique. Furthermore, DMF is 
capable to detect weak signals in a noisy environment when 
the signal-to-noise ratio (SNR) is low.  In the observation, 
DMF technique obtains a better RI sensitivity with good 
average linearity, R2 ≈ 99% as shown in Figure 5. The DMF 
technique is more accurate than CPD technique because DMF 
has a frequency response exactly matched to the signal and 
allows the passage of all the signal frequencies [17]. Thus, it 
is able to detect the small shift in the resonant wavelengths 
and led to a more accurate RI and temperature measurement. 
The results are shown in figure 8(b). Measurement error for 
the temperature by CPD and DMF technique are ~2.66 °C and 
~0.86 °C respectively, whereas for the RI determined by CPD 
























Fig. 6. Relationship between the wavelength shift and 
temperature change for solutions with different RIs, as 
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Fig. 7. Variation of temperature sensitivity at different of 








Fig. 8. Comparison between the measured data sensor and  
the reference data for (a) CPD and (b) DMF techniques. 
 
V. CONCLUSION 
In this work, signal processing technique, digital matched 
filtering, has been utilized to identify the multiple reflection 
wavelength peaks of etched few-mode fibre Bragg grating 
(FM-FBG) sensor. To verify the suitability of the proposed 
method the results were also acquired by CPD technique.  The 
experimental characterization of fabricated sensor was done 
for six samples of standard NaCl(aq) solutions with initial 
refractive indices (RIs) at 24 °C ranges from 1.3159 to 1.3375 
and at different temperature ranges from 24 °C to 80 °C. For 
all the acquired spectra, standard deviations for the 
temperature determined by CPD and DMF techniques are 
2.66 °C and 0.86 °C, respectively whereas for the RI the 
standard deviations determined by CPD and DMF techniques 
are 0.0006 and 0.0003, respectively. The characterized model 
of linear system of equations has also been presented with the 
characteristic matrix of order 3×3 and also the effect of cross 
sensitivity issue was resolved. It is obvious that the DMF has 
better performance in terms of the accuracy of measured 
results with respect to the reference data than that of CPD. 
The proposed sensing device has potential applications in 
chemical and biomedical industries for in situ monitoring of 
temperature and refractive index of the ambient solution.  
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